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 Influence of PCMs in concrete deck under combined freeze-thaw and chloride-ingress.
 Microstructure-guided numerical simulation establishing macro-micro relation.
 Significant increase in frost and chloride-durability in concretes with PCM.
 Reliability-based probabilistic analysis shows significant gain in life of bridge.
 Helps to tune dosage and transition temperature of PCMs to maximize life of bridge.
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Use of phase change materials (PCMs) to tailor the thermal performance of concretes by efficient energy
storage and transmission has gained traction in recent years. This study incorporates microencapsulated
PCMs as sand-replacement in concrete bridge decks and performs numerical simulation involving multiple interactive length scales to elucidate the influence of PCM-incorporation in concretes subjected to
combined freeze-thaw and chloride ingress-induced deterioration. The simulations show significant
increase in durability against combined freeze-thaw and chloride ingress-induced deterioration in concretes when microencapsulated PCMs are incorporated. In addition, a reliability-based probabilistic analysis shows significant increase in life expectancy of bridge decks with PCM-incorporation. The numerical
approach presented here provides efficient means to develop design strategies to tune dosage and transition temperature of PCMs to maximize durability of concrete structures in regions that experience significant winter weather conditions.

1. Introduction
Application of thermal energy storage capacity of microencapsulated paraffinic phase change materials (PCMs) towards
enhanced energy efficiency of structures has been an active area
of research in construction materials [1–4]. The ability of PCMs
to store and release heat has been shown to introduce a thermal
inertia in structural concretes thereby enhancing performance
[2,4–6]. Previous studies have shown the effectiveness of PCMs
towards improving energy efficiency of buildings and indoor thermal comfort [6–9]. PCMs have also been successfully used to arrest
thermal cracking in concrete pavements during early ages of
hydration. [10–12]. The modularity of PCMs in terms of availability

of wide range of transition temperatures warrants various beneficial applications in infrastructure materials [1,13]. PCMs have been
proposed for application in concrete pavements and bridges for
improved performance under freeze-thaw cycles [4,13]. A common
method of removing ice and snow from the surface of pavements
and bridges is application of deicing salts [4,13–17]. Such process
is not only labor intensive but also a major source of dissolved
chlorides in concrete that can cause catastrophic damage to the
underlying structures. A combined degradation of the concrete
occurs by the freeze-thaw induced cracks and chloride diffusion
through those cracks which can cause reinforcement-corrosion
[4,13,18–20]. An efficient alternative method can be the incorporation of PCMs in concrete [1,4,21] which readily takes advantage of
the high latent heat of PCMs that is released in freezing ambient
conditions. A recent experimental study [4] corroborates the application of PCMs in concrete to reduce snow formation. The
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improved frost-resistance of such concretes has also been reported
in another recent study [21]. Numerical studies involving one
dimensional finite difference technique have also shown the effectiveness of PCMs in concrete subjected to freeze-thaw cycles
[10,13,21].
While previous studies report on effectiveness of PCMs towards
improved frost-resistance, this paper focuses on evaluation of the
influence of PCMs on the performance and life-expectancy of concrete bridge decks subjected to combined freeze-thaw cycles and
chloride-ingress using multiscale numerical simulations. The input
properties of the materials used for macro-scale finite element
analysis are obtained from multi-scale numerical homogenization.
The effective properties, thus obtained, are used to obtain the surface temperature profile of a concrete bridge deck for a given period of time under ambient temperature and incident solar
radiation. The simulation approach efficiently integrates the influence of latent heat of PCMs. The surface temperatures enable prediction of freeze thaw cycles. The volumetric expansion of the
freezing pore solution causes stiffness-loss while the applied deicing salts (to remove snow) inundate the surface with dissolved
chlorides. To have a deeper insight into the material degradation
and resulting accelerated chloride ingress, the heterogeneity of
the concrete is encompassed in this study by a microstructureguided analysis at the meso and micro scales. While continuum
damage mechanics is used to quantify the progressive material
degradation with freeze thaw cycles [22–25], Fick’s law of diffusion
[26–28] is used to capture the resulting accelerated chloride diffusion behavior in the degraded concrete. Thereafter, a first-order
reliability-based probabilistic analysis predicts the influence of
PCMs on the life expectancy of bridge decks. This study achieves
an integration between the material microstructure and the
macro-scale bridge deck structure to predict lives of such structures subjected to combined freeze-thaw and chloride ingressinduced deterioration. The numerical approach thus provides a
tool to designers and engineers alike to provide efficient design

strategies which can be tailored to build durable structures in varying environments. Furthermore, this approach will facilitate the
development of freeze-thaw resistant concretes with conventional
strength that can find numerous applications not only in bridge
decks but also in any exposed concrete surfaces subjected to chloride environments and harsh freezing ambient temperatures.
2. Numerical simulation of freeze-thaw response
In order to elucidate the influence of PCMs on the freeze-thaw
response of concrete, a multi-scale analysis is carried out here
using continuum micromechanics. The following sub-sections perform multi-scale numerical homogenization for effective properties of concrete which are used as input for macro scale analysis
of thermal response of concrete bridge deck under ambient conditions in Providence, RI, United States. The macroscopic thermal
responses for both the concrete decks are further used to obtain
freeze-thaw induced damage response as detailed later in this section. Schematic diagram, shown in Fig. 1, elucidates the steps
involved in the numerical simulation framework. Firstly, a numerical homogenization approach predicts the effective properties of
the cementitious systems which are used as input to the thermal
analysis of macro-scale bridge decks. The macro-scale analysis predicts the temperature distributions in the bridge deck under ambient weather conditions. The macro-scale thermal response, thus
obtained, is used to characterize the freeze thaw-induced damage
in the microstructure. The damaged microstructure is thereafter
subjected to chloride diffusion to evaluate the durability.
2.1. Prediction of effective properties
A numerical simulation approach involving microstructureguided effective property prediction is implemented in this section
at multiple length scales. The numerical homogenization approach
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Fig. 1. Schematic representation of the different interactive length scales involved in the analysis.
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Fig. 2. A schematic diagram showing the FE based numerical homogenization approach employed to obtain effective thermal responses.

is schematically illustrated in Fig. 2. The approach involves: (1)
representative unit cell generation implementing the known
microstructural features of the material, (2) application of periodic
boundary conditions (PBCs) [29–32] and (3) implementation of a
post-processing module that yields effective properties as
explained in the forthcoming sub-sections.
2.1.1. Representative unit cell generation and boundary Conditions:
The Lubachhevsky-Stillinger algorithm [33–36] is used here to
generate the representative unit cell. In this algorithm, a hard contact model is employed that prohibits particle overlaps. The algorithm randomly distributes the desired inclusions inside a
periodic bounding box with random initial velocities. Next, the
radius of each particle grows as a function of time. The desired particle size distribution is obtained from the tailored growth rate. The
forward Euler scheme is used to update the positions of the particles with a time step that is minimized with events of possible collisions between particles. Detailed formulations of the iterative
process where particles change positions in the bounding box,
collide and grow to achieve the desired volume fraction are
mentioned elsewhere [37]. Periodic boundary conditions (PBC)
[29–32] are applied to the generated unit cells. Such boundary conditions are computationally efficient and therefore suited for faster
convergence in smaller analysis domains. [38]. For thermal analyses, the continuity of temperature/ heat flux is ensured by PBC
across the neighboring unit cells boundaries. PBCs are detailed
adequately in [39] and successful application of PBCs in heterogeneous composites towards effective property prediction has been
demonstrated in [40]. A Python script implements the microstructural formulations to generate a unit cell and mesh it. Thereafter,
the script applies PBC to generate periodically bounded meshed
microstructure that can be imported to ABAQUSTM solver for FE
analysis.
The numerical homogenization procedure involves generation
of periodically bounded unit cells at each length scale with intrinsic material properties assigned to each component phase. At each
length scale, the unit cell is subjected to a FE analysis and the
response to a unit temperature gradient leads to prediction of
effective properties. This paper considers two different concrete
mixtures: (i) control concrete containing 30% fine aggregates and
40% coarse aggregates; (ii) concrete containing 20% PCM as sandreplacement (24% fine aggregates, 6% PCMs and 40% coarse aggregates). The paraffinic PCMs are considered to undergo a phase transition at 5.1 °C. This phase transition temperature has been chosen
based on commercial availability. For the control mixture, the
effective properties are calculated from a three-step homogenization approach. In the first step voids are homogenized with hardened cement paste (HCP) matrix. The homogenized property is

assigned as property of matrix in the mortar scale (step-II) where
sand particles are embedded in the matrix. Finally, the coarse
aggregates are numerically homogenized with the mortar matrix,
obtained from step-II, to yield the effective properties of concrete.
A similar homogenization procedure is followed for PCMincorporated concrete where the PCMs are dispersed in the HCP
matrix along with the voids in Step-I followed by similar homogenization steps (steps II and III) as explained earlier for control concrete. The median particle sizes (d50 Þ for PCMs, voids, sand and
coarse aggregates are 7lm; 10lm, 600lm and 13.75 mm respectively [23,39,41,42]. Sizes of the RVEs adopted for the three length
scales are 0.035 mm (Step-I), 12.75 mm (step-II) and 69.375 mm
(step-III) respectively, obtained based on a sensitivity study. The
numerical homogenization procedure is explained in detail in our
previous publications [38,39].
2.1.2. Effective property computation
The RVEs obtained at each length scale are subjected to thermal
FE analysis. The FE analysis proceeds with C3D8R elements under a
unit temperature gradient. A MATLABÓ script extracts the volume
averaged responses to obtain effective properties. Effective thermal
conductivity keff is obtained from the volume averaged heat flux as
per Eq. (1) [39].




keff ¼ qe

L
TL  T0



ð1Þ

where the volume-averaged heat flux for all the elements in the


unit cell with edge length L is denoted by qe ; and the temperature
difference imposed across opposite faces is denoted by ðT L  T 0 Þ.
The reaction heat flux is volume averaged for all elements in the
unit cell and its ratio with the imposed temperature difference is
obtained which yields the effective volumetric heat capacity
ðqC p Þeff [43]. However, the incorporated PCMs undergo a phase
change at the transition temperature which necessitates the incorporation of the corresponding latent heat in calculation of effective
volumetric heat capacity for PCM incorporated concretes. During
phase-transition at the transition temperature, the released latent
heat is added to the effective volumetric heat capacity (ðqC p Þeff ;s )
as shown in Eq. (2) [5] to obtain effective volumetric heat capacity
(ðqC p Þeff ;t Þ. The PCMs are considered to be in the solid state for simplicity [5,13].



qC p


eff ;t



q hsf
¼ qC p eff ;s þ /c c
DT pc

ð2Þ

where /c is the PCM volume fraction; qc is the PCM density and hsf
is the latent heat of fusion and DT pc is the temperature window of
phase transformation. The value of DT pc is assumed to be 1 °C [5].
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For this study, the PCM has an absolute volume fraction of 6% in
concrete, latent heat of fusion 150 kJ/kg and density of 300 kg/m3
[4,13,44,45]. Table 1 shows the intrinsic thermal conductivities (kÞ
[39] and specific heat capacities (C) [5] for each phase of both the
concretes.
The effective thermal conductivities ðkÞ for both control and
PCM-incorporated concretes, obtained from the aforementioned
framework, are 1.4 W/m K and 1.78 W/m K for the control and
PCM incorporated concretes respectively. The corresponding effective volumetric heat capacities ðqC p Þeff ;s for the control and PCM
incorporated concretes are 0.88 kJ/kg K and 0.928 kJ/kg K respectively. The obtained homogenized effective properties correlate
well with the ones reported in the literature for control concrete
[5,13] and for PCM incorporated concrete [5,39]. These effective
properties are used in the forthcoming section to evaluate thermal
response of a concrete bridge deck (macro-scale).
2.2. Upscaling to macro-scale freeze-thaw response
A macro-scale FE analysis is presented in this section to evaluate thermal responses of the control concrete as well as PCMincorporated concrete. To illustrate the influence of PCM incorporation, the temperature profiles at the surface of the corresponding
decks are obtained. The macroscale thermal analysis is performed
under ambient weather conditions in Providence, Rhode Island,
United States.

Table 1
Intrinsic thermal properties for PCM, Sand (FS), coarse aggregate (CA) and hardened
cement paste (HCP) [39,5].
Phases

k(W/m K)

C (kJ/kg K)

PCM
Sand
HCP
CA

0.15
2.8
0.75
2.3

2.6
1.15
0.75
0.79

2.2.1. Bridge deck model
A commercial FE software ABAQUSTM is used to model the three
dimensional bridge deck with a box girder section as shown in
Fig. 3. The length, breadth and thickness of the bridge deck are considered to be 17.09 m, 10 m and 240 mm respectively. Similar
dimensions for box girder bridges are adopted in [46,47]
Fig. 3 also shows the thermal interactions of the structure with
the ambience thereby forming the thermal boundary conditions.
The weather data of Providence, Rhode Island is obtained from
[48]. It includes hourly atmospheric temperature data and global
horizontal irradiance (GHI) data. GHI embodies the short wave
radiation received on unit horizontal ground surface which is composed of diffused short wave radiations and normal incident solar
radiation. The absorptivity (bs ) of concrete is considered 0.59 [49]
which is multiplied with the daily maximum GHI (qs Þ to obtain
the incident surface heat flux. This is applied as a thermal load
applied to the heating step during the day in the simulation. The
heat transfer interactions are determined by the hourly ambient
temperature (T 0 Þ. The difference between the deck surface temperature and ambient temperature, [(T ð0; t Þ  ðT 0 Þ is multiplied with
the surface convection coefficient (h0 ) to yield the convective interaction [50,51]. The value of h0 is considered to be 26 W/m2 K for
the interface of air and concrete for low wind speeds [52],which
is incorporated in the model as a surface film coefficient. Convection occurs in the air inside the box and between the deck surface
and the atmosphere. The radiative heat transfer is obtained by
multiplying the Stefan-Boltzmann radiation constant (rÞ,the surface emissivity of concrete (e) and the difference of the fourth powers of ambient temperature (T 0 ) and deck surface temperature
T ð0; t Þ [51]. The values of r and e are considered to be
5.6697  1011 kW/m2 K4 and 0.92 respectively [51]. Surface radiation interaction is defined between the deck surface and the
atmosphere (ambient temperature of T 0 ). The latent heat of the
PCM incorporated concrete is defined as a material property that
captures the change in internal energy during phase change in
the phase transformation temperature window (DTpc = 1 °C [5]).
The analysis is carried out with a non-linear transient heat analysis
step In the PCM incorporated concrete deck, the latent heat of
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Fig. 3. 3D geometry of a box girder bridge deck section showing the boundary conditions and the ambient thermal interactions.
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150 kJ/kg (hsf) is released by the PCMs at 5.1 °C (Tpc); which when
added to the volumetric heat capacity (see Eq. (2)) captures the
complete change in internal energy.
2.2.2. Macroscale thermal response
The weather data is fed into the ABAQUSTM model by a
MATLABÓ script where the heat transfer interactions by conduction, radiation and convection are defined. Hexahedral DC3D8 elements are used to carry out the transient heat transfer analysis in
ABAQUSTM solver. A mesh convergence study was performed and a
mesh containing 1386 nodes and 880 elements yielded converged
solution. A post processor subroutine operates on the output file
and extracts the deck surface temperature data for January 2018
in Providence, RI, as reported in Fig. 4. As shown in Fig. 4, the solar
radiation causes the peak surface temperature to rise beyond the
ambient temperature, as noted elsewhere [10,13]. However, the
amplitude of temperature variation is significantly reduced for
PCM incorporated concrete. The heat released at its transition temperature introduces a thermal inertia that results in higher deck
temperatures compared to control concrete. Under an ambient
temperature of 19 °C (lowest minimum ambient temperature
for the month of January 2018) bride deck surface temperatures
for control and PCM incorporated concrete are 16.25 °C and
14.75 °C respectively.
The surface temperature profiles depict the effectiveness of
PCMs in reducing the number of freeze thaw cycles since PCMincorporated concrete decks demonstrate higher surface temperatures even under extreme low ambient temperatures. Consequently, considering a freezing temperature of 5.5 °C and
thawing temperature of 0 °C for water filled pores in concrete
[13,53], the number of freeze thaw cycles are computed to be 3
for PCM modified concrete and 10 for the control concrete during
January 2018. The temperature profiles, thus obtained, are
employed in the forthcoming section to quantify the beneficial
impact of PCMs on the freeze-thaw-induced damage response in
concrete which is further used later in this paper towards simulation of chloride ion diffusion in concrete, damaged due to freeze
thaw cycles for a detailed insight.
2.3. Damage due to freeze-thaw cycles
The damage response analysis is performed involving two
length scales as shown in Fig. 5. First, a four-phase system is modelled with sand inclusions, interfacial transition zone (ITZ), voids
and HCP matrix (see Fig. 5(a-1)) for control mortar. PCM-

321

incorporated system contains an additional inclusion phase of
PCMs as sand-replacement (see Fig. 5(b-1)). The thickness of ITZ
is assumed to be 20 lm[54–56]. The progressive damage in the
matrix is implemented here using a user-defined subroutine in
ABAQUSTM. The effective degraded Young’s modulus of the mortars
is computed by a post-processing subroutine, coded in MATLAB
and used as matrix-property in the meso-scale (see Fig. 5(a-2)
and (b-2)) where coarse aggregates are dispersed in the mortar
matrix. Numerical homogenization for Young’s modulus is performed to obtain degraded Young’s modulus of the concretes as
explained later in this paper.
TM

2.3.1. Numerical simulation of isotropic damage in matrix induced by
freeze-thaw cycles
The volume expansion of the water filled voids in the cement
paste matrix is implemented using a user defined subroutine for
ABAQUS solver. The analysis approach adopted herein imports
the bridge deck surface temperatures (Fig. 4) and implements
volumetric expansion in the pores for temperatures below
5.5 °C [13,53]. An artificial coefficient of thermal expansion of
the pores is implemented so as to obtain a 9% volumetric expansion in the pores due to freezing. Similar approach was successfully
adopted in [51]. As the temperature rises above 0 °C, the
volumetric expansion is released.[57]. The ensuing mechanical
damage is captured using continuum damage laws described later.
The intrinsic Young’s modulus of HCP, sand, ITZ and coarse
aggregates, adopted from literature [23,41,58,59] are 22.4 GPa,
70 GPa, 4.45 GPa and 74.5 GPa respectively. A Poisson’s ratio of
0.2 is assigned to all the component phases except PCMs. The
Poisson’s ratio for PCMs is considered as 0.4 [41]. The median sizes
of voids, PCM, sand and aggregates are adopted as
10 lm, 7 lm; 600 lm and 13:75 mm respectively [23,39,41,42].
The ITZ is considered 20 lmthick [54–56]. A post-processor subroutine computes the constitutive response of the degraded material and compiles the degraded Young’s modulus with varying
freeze-thaw cycles.
This approach bridges the macro scale response of the concrete
bridge deck to the micro and mesoscales by implementing volumetric expansion of water filled voids once the macro scale surface
temperature drops below 5.5 °C. In the analysis framework, the
resultant hydraulic pressure in the pores due the strains causes
an average stress that applies to the porous matrix, here the
cement paste [60]. The stiffness degradation in the matrix results
from a cyclic expansion during freezing and a contraction during
thawing, with DVV being 0.09. The continuum damage implemented
in the matrix is characterized by a damage variable Dthat has a
value between 0 and 1 which signify undamaged and completely
damaged states respectively. Assuming isotropic stiffness degradation, D is defined as per Eq. (3) [22–25,61].
TM

r ¼ ð1  DÞC : e

ð3Þ

where rdenotes the effective stress tensor, e is the strain tensor
and{ denotes the elasticity tensor. The overall damage D is composed of its tensile (Dt Þ and compressive (Dc ) parts (see Eq. (4)
[23,24]

D ¼ at Dt þ ac Dc

ð4Þ

A non-local equivalent strain e,defined in Eq. (5) [22,23], is used
to obtain Dt and Dc .


e¼

rX
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
< ei >2þ

ð5Þ

i

Fig. 4. Temperature profile at the top surface of the bridge decks under imposed
ambient temperatures for January 2018 in Providence, RI.

where < ei >þ is the positive part of the principal strain. The tensile
and compressive components of damage (Dt andDc ) evolve as a
function of eas per the Eq. (6) [22–25,61].
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Meso-scale (unit cell size=69.375mm)
Matrix: Mortar

Micro-scale (unit cell size=12.75mm)
Matrix: Cement paste
ITZ

CA

Sand
Void

(a-1)

(a-2)

ITZ

CA

Sand
PCM

Y

Void

X

(b-2)

(b-1)

Fig. 5. The generated unit cells for: (a-1) mortar containing 10% voids, 40% hardened cement paste (HCP) and 50% sand with; (a-2) Control concrete containing 40% coarse
aggregate (CA) and 60% mortar matrix; (b-1) PCM-incorporated mortar containing 10% voids, 10% PCM, 40% HCP and 40% sand by volume, (b-2) PCM-incorporated concrete
containing 40% coarse aggregate and 60% PCM-modified mortar.

Dt;c



e ¼1

eD0 ð1  At;c Þ
A
h t;c
i


e
exp Bt;c e eD0

ð6Þ

where eD0 is damage initiation threshold. Experimentally obtained
uniaxial tensile and compressive curves can characterize the values
of the parameters At;c and Bt;c . The values of the parameters At and Bt
for cement paste are 1 and 104 respectively while those of Ac and Bc
are 1.2 and 1.5  103 respectively while eD0 ¼ 0:0001 [62].
2.3.2. Frost-damage response
The progressive damage in the paste matrix is shown in Fig. 6
for the control and PCM incorporated cases for January 20th (See
Fig. 6(a-2) & (b-2)) and January 31st (See Fig. 6(a-3) & (b-3))
respectively for the year 2018 in Providence, Rhode Island. It
should be noted here that the damage response presented in this
section for a comparative performance evaluation corresponds to
the top surface of the bridge deck. Overall, the damage observed
in control mortar is significantly higher than the PCMincorporated mortar which demonstrates the durability benefit of
PCM-incorporation. A significantly higher mechanical degradation,
especially at the surface of a structure can be detrimental to its
usability and mechanical integrity resulting from rebar corrosion
in RC structures.
The degraded mechanical properties obtained in the microscale analysis is used as an input matrix property in the mesoscale to obtain a homogenized response of the concrete scale for
both control and PCM-incorporated cases.
The normalized degraded modulus of elasticity (with respect to
initial Young’s modulus) obtained for the control concrete are plot-

ted along with experimental results obtained from [63] in Fig. 7.
The values show close correlation thereby validating the framework of frost-induced damage.

2.4. Impact of PCM-incorporation on the freeze-thaw induced damage
in concrete
The validated framework is used to quantify the damage
response induced by freeze-thaw cycles for both the PCMincorporated and control mortars as well as concretes. The relative
degradation is captured by the ratio of degraded Young’s modulus
(Ed) to the initial Young’s modulus (E0). Fig. 8(a) shows the relative
performance of the PCM-incorporated mortar with respect to the
control mortar for January 2018 in Providence, RI. A significant
reduction in stiffness-degradation is observed for PCMincorporated case implying superior freeze-thaw-durability of
PCM-incorporated mortars due to its ability to stay relatively warm
even in freezing ambient conditions. Fig. 8(b) shows the performance of control and PCM-incorporated concretes. The freezethaw-durability efficiency of PCMs reduces in concrete when compared to mortars for the obvious dilution effect. However, a significant 18% reduction in the stiffness-degradation is still observed
with PCM-incorporation in concrete highlighting the effectiveness
of PCMs in improving freeze-thaw-durability of concrete. A major
consequence of a degraded surface of a bridge deck is diffusion
of water and dissolved ions in the concrete [64,65]. This can lead
to corrosion of embedded steel reinforcement which is very pronounced in areas exposed to salts in the environment [66]. In order
to study the beneficial impact of PCM-incorporation on the life of a
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Damage

(a-1)

(a-2)

(a-3)

(b-1)

(b-2)

(b-3)

Y

X
Fig. 6. Frost-induced damage for: (a) control mortar: (a-1) initial geometry; (a-2) Day 20; (a-3) Day 31, (b) PCM-incorporated mortar: (b-1) initial geometry; (b-2) Day 20;
(b-3) Day 31.

scales. Therefore, a better insight can be gained into the influence
of PCMs on the life expectancy of structures from a detailed analysis of its microscale behavior. Fig. 9 illustrates the coupled
approach where the generated RVE is subjected to freeze-thawinduced volume expansion and contraction resulting in mechanical
damage. A remeshing module improves the mesh of the damaged/
deformed structure and exports the damaged microstructure as a
starting meshed geometry for the diffusion model. The damaged
elements therein behave as cracks in the diffusion model which
is subjected to a chloride concentration gradient. A postprocessing module computes the volume averaged effective diffusion coefficient De for each damage state.
3.1. Chloride ion diffusion in concrete exposed to freeze–thaw cycle

Fig. 7. Comparison of simulated damage response with experimental results
adopted from [63].

bridge deck structure, it is necessary to obtain a comparative picture of the diffusion fronts of dissolved ions over a fixed duration.
The forthcoming section describes a fluid diffusion model that
computes a comparative assessment of the chloride resistance of
both control and PCM-incorporated mortars subjected to freezethaw-induced damage.

Application of deicing salts (to melt snow and ice) on bridge
decks and pavements results in presence of aqueous salt solution
on the surface and it serves as a major source of dissolved chlorides
which diffuse into the concrete structure thereby accelerating the
damage. The chloride diffusivity of highly heterogeneous porous
materials like cementitious composites strongly depends on the
void-distribution in the microstructure and it is characterized by
the diffusion coefficient which can be correlated with the properties of cement paste matrix and ITZ assuming impermeable aggregates [28]. Freeze-thaw cycle-induced damage causes an increased
porosity in the microstructure that in turn accelerates chloride diffusion. Fick’s law expresses the flux of chlorides J as shown in Eq.
(7) [28].

3. Numerical simulation of ionic diffusion in freeze-thawdamaged concretes

J ¼ Dk rC

This section aims to depict the accelerated chloride diffusion in
degraded concrete under freeze-thaw action. The transport behavior of chlorides is significantly affected by the void structure generated owing to freeze-thaw damage. Thus a coupled approach is
adopted here that accounts for the influence of freeze-thawinduced damage on the chloride ion diffusion at multiple length

tion of chlorides), and the diffusion coefficient of k phase (here:
aggregate, ITZ and HCP) is denoted by Dk. A necessary condition
for mass conservation is given as [28].

ð7Þ

where the Laplace differential operator r operates on C (concentrath

@C
¼ rJ
@t

ð8Þ
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Fig. 8. Relative ratios of degraded elastic modulus (Ed) to initial modulus (E0) for January 2018 for: (a) mortars and (b) concretes.

Cl- conc.
(mol/m3)

Damage

Generated 3D unit cell

Mechanical damage

Diﬀusion model

Fig. 9. A schematic representation of the coupled freeze-thaw damage-diffusion approach to study chloride diffusion in frost-deteriorated microstructure.

where t is the diffusion time. Equation (8) implies no accumulation
of chlorides which has been reported to be the case with deicing salt
application [20]. Combining the Eqs. (7) and (8), the following equation is obtained.

@C
¼ Dk r2 C
@t

ð9Þ

Eq. (9) relates the contribution of individual components in a
heterogeneous material to chloride diffusion with time. Thus, the
whole model establishes a quantitative relationship between
porosity and chloride diffusion by a nonlinear diffusion coefficient
assigned to each phase of a random microstructure. Moreover, the
coupled approach with frost-induced damage and chloride diffusion (see Fig. 9) ensures an interactive framework of quantitative
characterization of durability. The interaction is achieved by proportionally increasing the diffusion coefficient of the damaged elements in tandem with the progress of mechanical damage. The
proportional increase of intrinsic diffusion coefficient of the damaged elements with the progressive damage D is defined in Equation (10).

Ddel ¼ Dcr :D

ð10Þ

where Ddel is the diffusion coefficient of the damaged element and
Dcr is the diffusion coefficient of a crack (implying damage
state 1) and D is the progressive damage variable. Such proportional
intrinsic properties has been successfully assigned to degraded

materials for electromechanical [37] and thermomechanical [67]
analysis.
3.1.1. Model specifications and FE implementation
The deformed configuration (Fig. 6) obtained from the mechanical FE analysis is re-meshed ensuring a good quality of elements
(aspect ratio  3). Thereafter, the re-meshed geometry is used for
the diffusion FE analysis. The microstructure generated in Section 2.3 has circular aggregates which is sufficient for analysis
since shape of aggregates has been shown to not impact diffusion
[68,69]. The width of ITZ is 20 lm as mentioned earlier. A FE analysis of diffusion is carried out in ABAQUSTM solver using DCC2D4
elements. A differential concentration of 0.1 mol/m3 is applied
across the faces of the unit cell perpendicular to Y direction while
the faces along X are impermeable. Application of deicing salts
leads to a surface chloride concentration of around 3.5 kg/m3
[20] which is 0.1 mol/m3 as adopted in the paper. The initial condition of the model has a zero concentration gradient across the
faces along x and y axis. The diffusion coefficient of HCP matrix
Dcp is taken to be 1.2x10-12 m2/s while that of aggregates is zero
[70]. Since ITZ is porous, it has a higher diffusion coefficient than
the matrix paste. In this study, the diffusion coefficient of ITZ is
considered thirty times that of HCP as reported in [26]. The diffusion model, adopted here, assumes isothermal conditions. With
the progress of freeze-thaw-induced isotropic damage, the value
of diffusion coefficient for completely damaged elements (D ¼ 1Þ
is assumed to reach a realistically possible high value implying that
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the chloride ions can readily diffuse through such elements. A sufficiently high value of Dcr ¼50,000 times the Dcp is adopted for the
damaged matrix elements towards that end [26]. A post processing
module computes the volume averaged chloride surface concentration with time from ABAQUSTM solver to yield the apparent diffusion coefficient.
3.1.2. Accelerated chloride diffusion in frost-damaged microstructures
Fig. 10 shows the chloride ingress with the progress of freezethaw induced damage for control mortar (Fig. 10(a)) and PCMincorporated mortar (Fig. 10(b)). In both the cases, the chloride
ingress progresses with time which is accelerated due to frost
induced damage. While Fig. 10(a-1) and 10 (b-1) show the initial
states for control and PCM-incorporated mortars respectively
where there is no chloride ingress, the Fig. 10(a-2) and 10 (b-2)
correspond to first 20 days of exposure in January 2018.
Fig. 10(a-3) and (b-3) correspond to 31 days of exposure for control
and PCM modified concrete respectively. Overall, the extent of
penetration and the rate of chloride diffusion is significantly
reduced when PCMs are incorporated establishing the effectiveness of PCMs to improve the durability of mortars. The effective
diffusion coefficient obtained at the mortar scale is used as a
matrix input property in the concrete scale. A numerical homogenization yields the effective diffusion coefficient in the concrete
scale where the impermeable coarse aggregates are dispersed in
the mortar matrix. Implication of these results on the expected life
of structures is explored in detail later in this paper.
The accelerated diffusion behavior obtained for the control concrete is expressed as a ratio of degraded diffusion coefficient (De Þ to
the initial diffusion coefficient D0 and is validated with experimental results [27] as shown in Fig. 11. The values show close correlation thereby validating the framework of chloride diffusion in
frost-damaged concrete.
3.2. Influence of PCMs on chloride ion diffusivity of freeze-thawexposed concrete

Fig. 11. Validation of accelerated diffusion analysis results with experimental
results . adopted from [27]

in terms of the ratio of the accelerated apparent diffusion coefficient (De Þ to the initial diffusion coefficient ðD0 Þ for control and
PCM-incorporated cases at micro and meso-scales respectively
for the same duration of January 2018 in Providence, RI. Due to
the similarity in stiffness degradation up to Day 8, the accelerated
diffusion ratio is similar for both the cases. However, for the rest of
the duration, PCM incorporated materials show a vastly improved
chloride resistance. Overall, for both mortar (Fig. 12(a)) and concrete (Fig. 12(b)), the PCM incorporated composite shows a significant decrease in diffusion coefficient and superior chloride
resistance as compared to control cases pointing to improved durability against freeze-thaw cycles when PCMs are incorporated.
The forthcoming section uses the accelerated diffusion behavior
to obtain a comparative probabilistic failure analysis of PCM incorporated and control RC decks with time.
3.3. Probabilistic modeling of lifetime distribution

The validated framework is used to quantify the chloride diffusion in the micro and meso-scales for both the PCM incorporated
and control cases. Fig. 12(a) and (b) show the relative performance

This section presents a probabilistic comparative analysis of the
freeze-thaw and chloride diffusion-induced deterioration in RC

Cl- conc.
(x 0.1mol/m3
x 3.5 kg/m3)

(a-1)

(a-2)

(a-3)

(b-1)

(b-2)

(b-3)

Y

X

Fig. 10. Frost damage-induced chloride concentration distribution for: (a) control mortar: (a-1) initial geometry; (a-2) Day 20; (a-3) Day 31, (b) PCM-incorporated mortar: (b1) initial geometry; (b-2) Day 20; (b-3) Day 31.
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Fig. 12. Relative ratios of accelerated apparent diffusion coefficient (De) to initial diffusion coefficient (D0) during January 2018 for (a) mortars and (b) concretes.

bridge decks due to the vastly different chloride diffusive behavior
shown by PCM-incorporated concrete and control concrete. In RC
structures such as a bridge deck, chloride ingress is often the cause
of reinforcement corrosion which otherwise stays passive embedded in the alkaline concrete. Once the chloride concentration
exceeds a threshold value at the surface of the reinforcement, it
destroys the protective passive layer causing catastrophic degradation of the embedded reinforcement and thus its strength. Chloride
ingress is accelerated due to material degradation that forms
cracks on the surface. These provide an easy pathway for chloride
diffusion across the concrete cover especially in frost deteriorated
bridge decks. When deicing salts are applied on the surface of concrete decks, the chloride content Cðx; tÞ at a depth x and time t is
can be defined as shown in Eq. (11) [20].




x
C ðx; tÞ ¼ C 0 1  erf pﬃﬃﬃﬃﬃﬃ
2 tD

D ¼ D0 ta

ð12Þ
12

where D0 is taken to be 2  10

2

m /s [20] and the time coefficient

a is determined from the variation of diffusion coefficient with time
mentioned in Section 3.2 (Fig. 12). The limit state function is
bounded by the critical chloride concentrationC cr as shown in Eq.
(13).

ð13Þ

The probability for chloride concentration at reinforcement to
be less than the critical chloride reinforcement is computed following first order reliability method. This procedure involves definition of an appropriate limit state equation (here Equation (13) is
used as limit state equation). A safety index b governs the termination of the iterative procedure at a predetermined tolerance level
(which is 0.001 [73] in this case). The iterative procedure proceeds
with the computation of the random variable at every step as per
Eq. (14) [73].

xi ¼ lNXi  aX i brNXi

equivalent standard normal variable X i ; aX i is the direction cosine
at design point xi as shown in Eq. (15).

 

@g
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aXi ¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
n 
P
@g
rN
@X i X i

ð15Þ

i¼1

The probability of failure Pf is obtained from b as per Eq. (16).

Pf ¼ uðbÞ

ð16Þ

ð11Þ

where C 0 is the surface chloride content, D is the apparent chloride
diffusion coefficient and erf is the error function. This model is
based on the observation that no chlorides accumulate with time
[71]. The critical chloride concentration at the surface of the reinforcement is assumed to be 1 kg/m3 and the concrete cover to be
50 mm [20]. The statistical parameter C 0 follows a lognormal distribution with a mean of 3.5 kg/m3 and coefficient of variation 0.5
[20]. The apparent diffusion coefficient is characterized with time
as shown in Eq. (12) [72].

g ðx; t Þ ¼ C cr  Cðx; tÞ

where xi is the design point (for i = 1,2,. . .n) for the non-normal
variable; lNXi and rNXi are the mean and standard deviation for the

ð14Þ

where u is the normal cumulative distribution function defined for
any variable pin Eq. (17) [73].

1

uðpÞ ¼ pﬃﬃﬃﬃﬃﬃﬃ
2p

Z

p

2=2

et dt

ð17Þ

1

The probabilistic model is implemented in a MATLABÓ script
that incorporates a parametric variation of a which has a value
of 0.41 for control concrete and 0.23 for PCM incorporated concrete
as obtained from regression analysis by fitting the relationships
shown in Fig. 12(b) to Equation (12). The parameter a essentially
captures the accelerated diffusion due to progressive freeze thaw
damage in control and PCM incorporated concrete. Fig. 13 reports
the cumulative probability of failure for both control and PCMincorporated concrete bridge deck cases. As observed in Fig. 13,
the probability of failure due to chloride ingress in frostdamaged RC deck is significantly lower in case of PCMincorporated concrete than control concrete and the efficiency
increases progressively with increase in time. This comparative
analysis depicts a conservative scenario where the same amounts
of deicing salts are used for both cases. In a practical scenario,
the lifetime of the PCM-incorporated RC structure will be significantly enhanced owing to a reduced frequency of deicing salt
demand. The numerical approach followed in this study explains
a holistic gain in durability of the structure resulting from the
improved freeze-thaw resistance of PCM incorporated cementitious materials. The reduced number of freeze-thaw cycles helps
to maintain the integrity of the structure which in turn enhances
its chloride resistance over its life span.
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tion of material properties at different length scales for optimized
performance of such durable concretes.
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Fig. 13. Cumulative probability distribution of failure due to chloride ingress in
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4. Conclusions
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